The ability to precisely control particle migration within microfluidic systems is essential for focusing, separating, counting and detecting a wide range of biological species. To date, viscoelastic microfluidic systems have primarily been applied to the focusing, separation and isolation of micron-sized species, with their use in nanoparticle manipulations being underdeveloped and underexplored, due to issues related to nanoparticle diffusivity and a need for extended channel lengths. To overcome such issues, we herein present sheathless oscillatory viscoelastic microfluidics as a method for focusing and separating both micron and sub-micron species. To highlight the efficacy of our approach, we segment our study into three size regimes, namely micron (where characteristic particle dimensions are above 1 µm), sub-micron (where characteristic dimensions are between 1 µm and 100 nm) and nano (where characteristic dimensions are below 100 nm) regimes. Based on the ability to successfully manipulate particles in all these regimes, we demonstrate the successful isolation of p-bodies from biofluids (in the micron regime), the focusing of λ-DNA (in the sub-micron regime) and the focusing of extracellular vesicles (in the nano-regime). Finally, we characterize the physics underlying viscoelastic microflows using a dimensionless number that relates the lateral velocity (due to elastic effects) to the diffusion constant of the species within the viscoelastic carrier fluid. Based on the ability to precisely manipulate species in all three regimes, we expect that sheathless oscillatory viscoelastic microfluidics will provide for significant new opportunities in a range of biological and life science applications.
Introduction
In recent years, much attention has focused on the characterization of circulating particles within biofluids (1) , with a view to improving the sensitivity and specificity of biomarker detection strategies (2, 3) . For example, small extracellular vesicles (sEVs) have diameters between 80 and 300 nm and are known to circulate within a variety of biofluids. sEVs exhibit protein, DNA and RNA profiles that are modulated during cancer progression and therapy, and thus can be used for non-invasive monitoring of disease progression based on their molecular profile (1, 4, 5) . Unsurprisingly, a number of techniques have been developed to selectively isolate such species from other circulating debris and cells within biofluids. These include methods based on differential centrifugation (6, 7) , density gradient separation (8) , affinity capture (9) , size-exclusion chromatography (10) and ultra-filtration (11) or a combination of these (12) , which fractionate particle diversity on the basis of size, density and surface markers.
However, it is important to note that these approaches are cumbersome, low throughput in nature, expensive and require significant volumes of biofluid, thus limiting their routine application in clinical or diagnostic settings. To address many of these limitations, flow cytometry-based strategies have been developed to allow for efficient sorting of bioparticles based on size and/or surface markers using reduced sample volumes (13). However, sorting rates are limited by the relatively low sample concentrations (necessary to avoid swarming effects) and the resolution of sEVs below 500 nm requires the adoption of fluorescent labelling strategies (14, 15) .
Recently, microfluidic systems have emerged as promising tools for the fast, efficient and robust focusing and isolation of micron-sized species from biofluids. Indeed, a variety of microfluidic techniques have already been shown to be effective for such purposes. Based on the manipulating forces involved, these methods can be categorized as being either active or passive in nature. Active techniques such as dielectrophoresis (DEP) (16, 17) , magnetophoresis (MP) (18) and acoustophoresis (AP) (19, 20) rely on the application of an external force field, whereas passive techniques solely rely on the control of geometrical and fluid properties (i.e. intrinsic hydrodynamic forces), such as pinched flow fractionation (PFF) (21), deterministic lateral displacement (DLD) (22, 23) and inertial microfluidics (24) . Amongst passive approaches, inertial microfluidic systems have attracted most attention due to their ability to process biofluids at extremely high volumetric flow rates (~ml/min); which is especially useful in rare event detection applications, such as the isolation of circulating tumor cells (CTCs) (25) .
In the case of inertial focusing, particles of a given size are transported along a microchannel and preferentially migrate to well-defined positions across the channel cross-section (24) . Such inertial approaches are well suited to label-free and high-throughput manipulation of microparticles and cells.
Despite the robustness of inertial focusing in Newtonian fluids, its practical implementation for the isolation of nanoscale species has been limited, primarily due to the increasing role of Brownian motion as particle size decreases. To this end, elastic forces (stemming from the rheological properties of the processing fluid) can in principle be used to provide for enhanced control over species with sub-micron dimensions.
Viscoelastic manipulation of micron-sized particles within microfluidic channels has been used to good effect in both focusing and sorting applications. In basic terms, viscoelastic fluids exhibit both viscous and elastic characteristics when undergoing deformation. Such behaviour creates a normal stress anisotropy within the fluid, which leads to transverse forces and lateral migration of particles inside the medium. Karnis et al. first reported viscoelasticity-induced lateral migration of non-colloidal, buoyancyfree particles towards the flow axis in macroscale pipes (26) . In subsequent studies, Leal et al. (27) and Brunn (28) derived models for the lateral migration velocity of rigid spheres in second order fluids, noting that the ratio of the lateral and longitudinal velocities scales with the square of the blockage ratio. Importantly, such analyses suggest a need for extended channel/pipe lengths when focusing micronsized particles to well-defined positions, and highlight the potential of viscoelastic microfluidics for the precise confinement of particles due to the accessibility of high blockage ratios within microchannels (29) . Accordingly, viscoelastic microfluidic systems have been used in a variety of particle focusing, separation and flow cytometry studies (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) . For example, D'Avino and co-workers demonstrated through both numerical simulations and experiment that small blockage ratios result in inward migration of particles towards the centerline, whereas high blockage ratios favor wall attraction (29) . In addition, by implementing a non-Newtonian sheath flow, both size-(37) and shape-based (38) particle separations have been demonstrated. Most recently, CTC isolation from untreated whole blood has been demonstrated using a non-Newtonian fluid sheath flow (39) . Based on the intrinsic elastic properties of viscoelastic fluids, the need for externally imposed force fields or complex channels geometries (typical in inertial systems) are eliminated, and thus viscoelastic microfluidic systems normally comprise simple straight microchannels (40) (41) (42) . Indeed, Kang et al. showed that an extremely dilute solution of λ-DNA can be used to confine micron-diameter particles at the center of a straight microtube due to its superior elastic properties when compared to synthetic polymer solutions (40) . Furthermore, sheathless shapebased (spherical and peanut shaped) and size-based (spherical) microparticle sorting has been demonstrated using viscoelastic fluids (42, 43) .
Although, many of the above studies have been successful in manipulating micron-sized objects, the focusing and separation of sub-micron species is far more challenging due to the fact that the elastic force scales with particle volume. That said, Kim et al. recently reported for the first time the use of viscoelastic fluids to focus 500 and 200 nm particles along a straight microfluidic channel, although no significant focusing was observed for 100 nm particles (45) . Related studies also demonstrated that 200 nm particles could be focused at the center of an 8 cm long cylindrical microchannel by adjusting flow rates so that elastic forces dominate Brownian forces (46) . Additionally, Liu and co-workers used a double spiral channel (with a total length exceeding 6 cm) to focus and efficiently separate two sets of binary mixtures, namely 100/2000 nm polystyrene particles and λ-DNA molecules/platelets (47) . Subsequently, the same group used a viscoelastic-based method incorporating a non-Newtonian sheath fluid to isolate exosomes from serum in a continuous manner (48) . Despite these successes, all the aforementioned studies required the use of channel lengths on the order of a few centimeters for the focusing of sub-micron particles (29) . Moreover, the processing of species with characteristic dimensions less than 100 nm is even more challenging due to the effects of Brownian forces on smaller nanoparticles, leading the use of high pressures within extended channels.
Recently, oscillatory flows have been used to eliminate the need for long microchannel lengths and successfully applied to the inertial focusing of particles down to 500 nm (49) . However, the use of oscillatory flows to manipulate species below this size is still unexplored. Mutlu et al. have demonstrated that oscillatory inertial microfluidics can be used to focus particles in low Reynolds number regimes (one order of magnitude less than steady-flow inertial microfluidics) (49) , however, the efficient focusing of species with dimensions below 100 nm would require microchannels with reduced dimensional cross-sections and channel lengths (on the order of few millimeters or microns) to allow access to high flow velocities. Although, such structures have been fabricated in rigid epoxy (42) or silicon (50) for example, system complexity and cost are unavoidably increased.
To this end, herein we present an oscillatory viscoelastic system, incorporating a sheath-free microchannel that is able to focus and separate particles and biological species with diameters ranging from a few microns to a few tens of nanometers. Figure 1a shows a schematic view of the microfluidic platform, which includes a pressure driven microfluidic chip coupled with an in-house electronic circuit to generate oscillatory flow. Using such an approach, objects oscillating within the microfluidic channel can be focused at specific locations based on their size (Figure 1b) . Specifically, we initially focus and separate 10, 5, and 1 µm diameter particles within a short (4 mm long) microchannel. The same geometry is then used to separate and process RNA granules (p-bodies) from a mammalian cell lysate sample.
Subsequently, oscillatory viscoelastic flows are used to perform rapid and efficient single file focusing of 500, 200, and 100 nm diameter nanoparticles along a short length high aspect ratio microchannel.
Finally, and for the first time, focusing of 40 and 20 nm diameter particles is demonstrated. The combination of viscoelastic microfluidics and oscillatory flows is shown to be highly effective in overcoming Brownian motion and is widely applicable to the precise focusing of objects with sizes as small as 20 nm. Given the performance of our experimental setup (using artificial particles), we explored the potential of oscillatory viscoelastic microfluidics in manipulating biological species, and demonstrate efficient focusing of both λ-DNA and small extracellular vesicles (< 200 nm).
Results and Discussion
Viscoelastic microparticle focusing and separation based on oscillatory flow. To examine the capabilities of oscillatory viscoelastic flows for separating micron-sized species, a ternary mixture of particles, with average diameters of 10 µm, 5 µm and 1 µm, was introduced in the microfluidic device.
The effect of pressure (controlling both elasticity and inertia effect) on particle migration was studied for pressures between 1 and 2.5 bar (in 0.5 bar steps) and an oscillation frequency of 2 Hz, with particles being allowed to reach steady state positions before final images were taken. As shown in Figure 2a , a pressure increase results in both an increase in inertia and elasticity (defined by the Reynolds number, Re, and Weissenberg number, Wi, respectively: Supplementary Note 1). Since the highest Re accessed is 0.08 (indicating negligible effects of inertia), the driver for the lateral migration of particles is the elasticity-induced lift force. Within an oscillation period of a few seconds, 10 µm diameter particles focus near the microchannel walls, 5 µm diameter particles between the centerline and walls, with 1 µm particles being aligned to the microchannel centerline. The reason for such a migration behavior, can be understood through consideration of the blockage ratio, = ℎ ⁄ , where ap reports the particle size and Dh is the hydraulic diameter of the microchannel. Herein, a higher blockage ratio leads to a greater off-center shift of the viscoelastic focusing positions.
Such behavior implies that two opposing elastic forces affect lateral migration, i.e. a centerline-directed elastic force, → , and a wall-directed elastic force → (44) . Competition between the two components of the elastic lift force determines the lateral focusing position of particles on the basis of their size and flow rate. Based on the results shown in Figure 2 , smaller particles (having a low blockage ratio) tend to focus at the centerline due to the dominance of → over → (44) . On the other hand, since → is more strongly dependent on the particle size than → (44), larger particles (having high blockage ratios) tend to migrate to off-center focusing positions due to stronger wall-directed elastic forces ( → ). As shown in Figure 2a , the highest focusing efficiency takes place when Wi = 1.3 and Re = 0.03. An increase in pressure (Re = 0.03 to 0.08 and Wi = 1.3 to 3.25) causes larger particles to migrate toward the centerline, with smaller particles diverging from it.
Figure 2b
presents the time evolution of oscillatory focusing and separation of the particles for the case when Wi =1.3 and Re = 0.03 (see Supplementary Movie S1). All plots were extracted from the expansion part of the microchannel and acquisition commenced after 100 ms, i.e. when particles have already traveled a distance of 2 mm from the inlet. Even after such a short period of time, the 10 µm diameter particles have already started to migrate towards the microchannel walls, 5 µm particles have been depleted from the center and are accumulating in a semi-focused state, with the 1 µm particles being dispersed across the expansion zone. After 4 seconds of oscillation, all particles have reached their final equilibrium positions and have travelled an effective distance of 76,800 µm; a sufficient length to ensure complete separation. (Supplementary Movie S2) .
As a further proof that the oscillatory focusing platform is capable of separating micron-sized species over short path lengths, we then applied this method to a complex and relevant biological sample.
Specifically, we attempted to purify p-bodies, cytoplasmic RNA granules that are involved in RNA metabolism and have sizes ranging from 300 nm to 1 µm (51) . For this purpose, we introduced lysate from cells expressing mNG-AGO2 (AGO2 being known to be enriched in p-bodies (52)) into the oscillatory system. The lysate contains nuclei (~6 µm in size), debris and organelles, including p-bodies (~1 µm in size) that are stable in the lysis solution. Since biological particles are significantly more deformable than rigid particles, a 0.5% PEO polymer solution was used (to decrease elastic effects). As shown in Figure 2c (Bright field image), nuclei and large organelles are concentrated near the walls, in a similar manner to large, rigid particles, since their size is comparable to the channel height, whilst pbodies and smaller organelles are focused at the centerline of the channel. This is further demonstrated by the observation of fluorescently mNG-labelled p-bodies at the center outlet (fluorescence image in Figure 2c ). Indeed, in a similar manner to 1 µm rigid particles, we demonstrate that p-bodies begin to focus at the center of the microchannel after 4 seconds of oscillation ( Figure S1 ). In conclusion, we demonstrate for the first time, efficient focusing of cellular organelles directly from a complex biological fluid using oscillatory viscoelastic focusing Throughput of oscillatory viscoelastic microfluidic platform. On first inspection, a potential weakness of the oscillatory platform stems from its low throughput, since the oscillation occurs within a single channel. However, this issue can be easily mitigated by fabricating an array of parallel microchannels to realize throughputs comparable to a continuous flow focusing device. As shown in Figure S2a , the parallel fluidic circuit is analogous to an electric circuit, and thus an increase in the number of microchannels does not intensify the resistance of the whole system when using pressure pump as a source.
Viscoelastic nanoparticle focusing based on oscillatory flow. Next, we used the oscillatory viscoelastic microfluidic platform to focus nanoparticles, segmenting our study into two size regimes, namely nanoparticles with dimensions equal to or larger than 100 nm (sub-micron regime) and nanoparticles with dimensions smaller than 100 nm (nano-regime). Initially, particles with diameters of 100 nm, 200 nm, and 500 nm were processed using an oscillation frequency of 2 Hz and pressures between 1 and 2.5 bar. The microfluidic device used for study of this size regime comprises a 4 mm long microchannel, having a height of 1.4 µm and a width of 20 µm. which seems to be sufficiently high to induce lateral migration and focusing of nanoparticles. Indeed, for all particle diameters, we observed complete focusing at pressures of 2 bar and 2.5 bar, as shown by the fluorescence images obtained after 40 seconds (Figure 3a-c) . Specifically, for 100, 200 and 500 nm nanoparticles at a pressure of 2.5 bar, focusing efficiencies were 86%, 85%, and 90%, respectively. Accordingly, pressure values between 2 and 2.5 bar (0.52 < Wi < 0.65) allow for the efficient focusing of nanoparticles with diameters between 100 and 500 nm (and blockage ratios between 0.04 and 0.2) at the channel centerline.
We next estimated the focusing length, = , where is the time required for particles to reach a stable minimum FWHM and is the longitudinal velocity of particles travelling at the centerline. As To further investigate the effect of the blockage ratio on particle migration within the nano-regime, the platform was used to process 200, 500 and 1000 nm diameter nanoparticles flowing through high aspect ratio microchannels. Representative fluorescence images and corresponding intensity profiles at different blockage ratios are shown in Figure S3 . As previously noted, for a microchannel with a height It is now recognized that the focusing, detection and isolation of bioparticles with dimensions below 100 nm represents one of the most important challenges in the field of cell-free RNA diagnostics (1) . In this regard, the realization of a method able to robustly focus and isolate nanoparticles with hydrodynamic radii below 100 nm will potentially revolutionize our ability to isolate and process sEVs. mm long). As can be seen in Figure S4a , λ-DNA molecules were focused at the channel centerline (after 30 seconds). Under these conditions, Wi>0.52 induces sufficient elastic force to focus λ-DNA molecules. Indeed, when Wi = 0.65, the focusing efficiency reaches to 71.5%. Experiments involving sEVs (with a mean diameter of 122 nm; Figure S5 ) were performed using the nano-regime microfluidic device (Figure S4b) . Using an oscillation frequency of 2 Hz and a pressure of 4 bar, a focusing time of 25 seconds and focusing efficiency of 67.4% were realized. These data confirm that biological species with dimensions ranging from a few microns to a hundred nanometers can be precisely manipulated and focused at specific regions of a microchannel through the combination of viscoelastic forces and oscillatory flows.
Viscoelastic focusing on a diffusion-elasticity state space map. The operating flow regimes associated
with nanoparticle size and viscoelastic focusing can be depicted using diffusion-elasticity state space map (Figure 6 ). Since the Reynolds number is negligible and inertial effects insufficient for lateral migration of particles, the two main forces responsible for the transverse migration of particles are the elastic force due to fluid elasticity and the Brownian force due to diffusion. These two forces can be compared using the dimensionless number, φ, which is defined as the ratio of lateral velocity ( ) due to elastic effect to the diffusion constant of the particle ( ) within the viscoelastic carrier fluid within a given length , i.e.
= .
(1)
Ho and Leal (27) and Brunn (28, 53) have developed a theoretical approach to model particle motion in a second order fluid. By using the force equation from these models, assuming a negligible second normal stress difference ( 2 ≈ 0), and considering only the first normal stress difference 1 = 2 2 , the elastic lift force on a particle can be approximated as:
where A is a pre-factor, the viscosity, the mean longitudinal velocity, radius of particle, Wi the Weissenberg number, the blockage ratio and * = / is the dimensionless lateral position factor (54) . By balancing the elastic and drag forces ( = 6 ) and for a non-Brownian case, we can extract the lateral velocity of the particle, i.e. 
where is the Boltzmann constant, the absolute temperature, diameter of the particle, δ is the thickness of depletion layer created around the nanoparticle (see This dimensionless number ( ) provides a measure of the relative magnitudes of the elastic and Brownian forces. A is a pre-factor, and according to studies by Ho and Leal, is equal to 5 , whilst Brunn reports a value of 22 5 ⁄ (27, 53) . Herein, the values of A and * are chosen to be 5 and 1, respectively to allow comparison of values for different particle sizes, channel dimensions, flow conditions and elasticity.
The lateral migration velocity in a viscoelastic fluid scales as = 2 (27, 53) . Accordingly,
can be written as:
Hence, values were calculated for Brownian particles (i.e. 20, 40, 100, 200, 500 nm nanoparticles),
EVs less than 200 nm in diameter and λ-DNA molecules, and a diffusion-elasticity state space map constructed (Figure 6b) . For 20 and 40 nm particles, the magnitude of elasticity and Brownian motion are similar and diffusion is not negligible. However, an increase in Wi leads to a better focusing state as shown in Figure 6b . Interestingly, for the case of 40 nm particles we noticed that an increase in pressure initially leads to a transition between a non-focusing state and a semi-focusing state, and then a transition to focusing state (when φ≈ 2). For 20 nm particles, the focusing condition was improved to a semifocusing state for the flow condition explored in this study (φ≈ 0.3). For the remaining nanoparticles, values are much higher than 1 even at low flow rates, suggesting efficient suppression of Brownian motion for particles in the sub-micron regime. Accordingly, particle focusing can simply be improved by increasing the pressure (or Wi). This leads to a considerable elastic force that induces lateral migration of particles along the centerline of the channel, and (for 40, 100, 200, 500, EVs, and λ-DNA particles) a transition from a non-focusing state to a semi-focusing state and finally to a single file focusing state.
Such a simplified dimensional analysis of diffusion and elasticity for flow conditions, rheological
properties and channel geometry is highly useful. However, in more complicated cases (e.g. elastoinertial regimes or flow within curved conduits) this model should be generalized.
Conclusion
In this study, we have demonstrated the utility of oscillatory viscoelastic microfluidic systems for manipulating and focusing objects that range in size from 20 nm up to a few microns. This study addresses three key size-regimes, namely the micron, sub-micron and nano-regime. Results show that 1, 5, and 10 µm particles could be efficiently focused at distinct parts of a (micro regime) microchannel through control of the blockage ratio. When cell lysate was introduced to the same platform, we achieved focusing of cellular organelles (p-bodies) with a similar efficiency to that observed for rigid particles.
Within the sub-micron regime, 100, 200, 500 nm diameter nanoparticles, and λ-DNA molecules were successfully focused at the center of a microchannel using oscillatory viscoelastic microfluidics.
Critically, and through simple modification of channel dimensions, this method could also be used for the effective separation of nanoparticles. Finally, within the nano-regime, 20 and 40 nm diameter particles, and sEVs (smaller than 200 nm in size) were also focused in a rapid and robust manner. To conclude, a dimensionless parameter (φ) was introduced to compare Brownian with elastic forces, and used to show that the combination of a viscoelastic fluid and oscillatory flow suppresses Brownian motion. The presented oscillatory viscoelastic microfluidic methodology enables particle manipulation over a wide size range, and has significant immediate utility in the rapid isolation of EVs, cell-free DNA, viruses, protein aggregates, λ-DNA, cellular organelles (RNA granules), and various types of cells.
Materials and Methods

Device Design and Fabrication
Two methods were used in the fabrication of microfluidic master molds. 
Flow Control Instrumentation
A home-built system was used to generate and control oscillatory flows within microfluidic devices (Figure 1a) . Hz.
Viscoelastic Fluid Preparation and Characterization
Viscoelastic fluids were prepared by completely dissolving polyethylene oxide (PEO, = 400kDa;
Sigma-Aldrich, Buchs, Switzerland) in deionized water to a concentration of 1% (w/v). Solutions produced in this manner were then aged at 4ºC for one week to realize a steady-state viscosity.
Viscosities of all fluids (Figure S6a) 
Working Principle and Data Acquisition
Samples were loaded into glass vials (ThermoFisher Scientific, Waltham, USA) and delivered to the microfluidic device at a given pressure using an air pressure source. The microfluidic device was 
Cell lines
HEK293T flp-in TREX cells (Life Technologies, Zug, Switzerland) were maintained at 37 °C within a (5% CO2) Dulbecco's Modified Eagle Medium (Life Technologies, Zug, Switzerland) containing 4500 g/mL glucose, and further supplemented with 10% fetal bovine serum (FBS) (Life Technologies, Zug, Switzerland), 100 U/mL of penicillin (Sigma-Aldrich, Buchs, Switzerland) and 100 μg/mL of streptomycin (Sigma-Aldrich, Buchs, Switzerland).
Cell lysis for p-body purification
First, 8×10 7 HEK293T Flp-in TREX cells, stably expressing the mNeonGreen (mNG)-tagged Ago2 transgene, were seeded in 15-cm dishes with 2 ug/mL doxycycline (DOX) (Sigma-Aldrich, Buchs, Switzerland) being used to induce protein expression. Two days after seeding, approximately 3×10 7 million cells were trypsinized and washed twice with PBS buffer before snap freezing the cell pellet, and subsequent storage at -80 °C. Before delivery to the microfluidic device, frozen cell pellets were homogenized and lysed for 20 minutes on a rotating wheel at 4°C using the following lysis buffer: 0. which are connected to a pressure source and an electronic PCB board responsible for actuating the valves to open and close states. A custom-made software is used to control the frequency and the number of oscillations. b) Oscillatory flow is generated by using the system described in part (a) and elastic forces acting on the particles cause the lateral migration and eventually focusing of them. Particles of different size (1, 5, and 10 µm) with a randomly distributed initial position ( 0 ) can be focused at discrete parts of the microchannel after sufficient number of oscillations( ). 
